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ABSTRACT 


Measurements are presented of boundary layers with embedded vortices and with 
film cooling for freestream velocities of 15, and 11 m/s. Measurements of a boundary 
laver with embedded vortex and and no film cooling, and of a boundary layer with film 
cooling but no vortex are presented for freestream velocity of 15 m/s. Plots of total 


velocity, V, streamwise velocity, V,, secondary flow vectors, total pressure, Po, and 


x! 
streamwise vorticity are presented for many of these test conditions. 

The results show that the embedded vortices completely dominate the flow field 
in boundary lavers with film cooling. This is indicated from the plots of V, Nee envi 
which show the effects of film cooling to be completely decimated in the vicinitv of the 
vortex. 

In order to conduct this study, a five-hole pressure probe was calibrated for pitch 
and vaw. The probe was then used to measure five pressures associated with the flow. 
From these pressures, total velocity and the x, vy, and z components of velocity were 
determined. 

A boundary layer profile was conducted to verify the calibration of the pressure 
probe, measurement procedures, and velocity computations. The results show expected 


boundary layer behavior with a small V,, and Vv, component. 
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I. INTRODUCTION 


The increasing need for greater efficiency in gas turbine engines has resulted in 
higher turbine inlet temperatures. Consequently, combustor liners and turbine blading 
are subjected to greater amounts of thermal stress, thermal fatigue, and creep. At 
present. gas turbines, such as those associated with military applications, have inlet 
temperatures as high as 1800 - 2000 degrees C (3270 - 3632 F) with pressures of 40 
atmospheres. 

Turbine parts may be protected from heat loads resulting from exposure to gas at 
high temperatures by using a coolant within turbine passages and along turbine 
surfaces. Convection cooling, unpingement cooling, transpiration cooling, and film 
cooling are used for this purpose. Although it is possible for the cooling medium to be 
a substance such as liquid water or Freon - 12, most gas turbine arrangements utilize 
engine air bled off from the compressor and rerouted to the turbine nozzles and 
blading. With film cooling, compressor air is ejected from surfaces of blades and 
vanes. The film coolant then protects metal surfaces by forming a protective insulating 
filmi between the blades and the mainstream, and by acting as a heat sink. 

The flow through a turbine cascade is extremely complex. Efforts to analytically 
model the flow are successful only when the fluid is considered to be inviscid. When 
the effects of viscosity are included, the analysis is much less effective [Ref. 1]. Because 
of the difficulty involved in analytical representation of the viscous portions of cascade 
flows, much of the work in this area is experimental in nature. 

Flow visualization studies by Herzig, et al., [Ref. 2] were among the first to show 
the complexity of flow within the cascade. Flow visualization studies by Langston, et 
al., [Ref. 3] and Marchal and Sieverding, [Ref. 4] also show the detailed development 
and complexity of the flow through the turbine cascade. More recently, Sieverding and 
Van Den Bosche, [Ref. 5] have used color smoke-visualization to study the evolution of 
flow in cascades. 

Figure 1.1 from [Ref. 6] shows the various secondary flows associated with flow 
in turbine cascades. As the inlet boundary layer approaches the blade’s leading edge, a 
horseshoe vortex is formed. The point at which this formation occurs is the saddle 


point which ts clearly shown in Figure 1.2 from [Ref 4]. One leg of the horseshoe 
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vortex moves initially near the side of the blade, and then through the blade passage 
where it 1s referred to as the passage vortex. In cascade flow, the passage vortex is 
composed of 1) fluid from the pressure side leg of the horseshoe vortex, 2) the 
crossflow from the endwall boundarv layer, and 3) entrained fluid from the mainstream 
flow, [Ref. 7]. As the passage vortex continues through the cascade, it is forced by the 
pressure gradient to the opposite side of the passage near the suction side of the 
adjacent blade. This shift is clearly shown in Figure 1.3 from [Ref. 2]. The second leg 
of the horseshoe vortex follows the suction side of the blade and has a sense of 
rotation opposite to that of the pressure side vortex. This vortex moves away from the 
corner and 1s generally believed to be smaller in size than the passage vortex. As can 
be seen from Figure 1.4 from [Ref. 8] the passage vortex makes approximately one 
rotation as it passes through the cascade. In Figure 1.! the number of revolutions has 
been exaggerated for clarity. 

The objective of this thesis 1s to study the effects of embedded vortices on a film 
cooled turbulent boundary layer. In order to understand the effects that this complex 
flow field has upon heat transfer, vortex characteristics and their interaction with 
surrounding flow must be understood. In this study, a five-hole pressure probe is used 
to measure vortex characteristics. 

Extensive procedures for calibration and qualification of the five-hole pressure 
probe, and its use in measuring three-dimensional flows are first discussed. Results of 
six different test are then given: 1) a baseline measurement in a developing boundary 
laver, 2) a boundarv layer with film cooling only at a freestream velocity of 15m,s, 3) a 
boundary laver with a single embedded vortex and without film cooling at a freestream 
velocitv of 15 m/s. 4) a boundary layer with embedded vortex and film cooling at a 
freestream velocity of 15 m/s, 5) a boundary laver with an embedded vortex and no 
film cooling at a freestream velocity of 20 m’s, and 6) a boundary layer with embedded 
vortex and film cooling at a freestream velocity of 1l m’s. Cases 3, and 4 provide the 


most informative results of the study; cases 5 and 6 are incidental. 
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Il. EXPERIMENTAL APPARATUS 


A. WIND TUNNEL 

The wind tunnel pictured in Figure 2.1 1s now described. It is an open-circuit 
blower tunnel used to provide uniform flow at the nozzle exit. 

1. Description 

The wind tunnel is designated the NPS Shear Layer Research Facility (SLRF) 
and was built by Aerolab. It is designed to provide uniform flow with a minimum 
amount of turbulence intensity. It is designed with numerous pressure taps and four 
38 x 20.3 cm (15 x 8 in.) access ports along each of the of the side walls. The height of 
the top wall is adjustable to permit changes in the pressure gradient along the length of 
the test section. Additionally, the top wall contains numerous instrument ports for the 
measurement of various flow characteristics. 

The air speed through the tunnel can be adjusted from 5 m/s to 40 ms. The 
blower exit slips into the inlet end of the wide-angle diffuser with 1.6 mm of clearance 
so that the fan is isolated from the body of the wind tunnel. The diffuser inlet contains 
a filter and nozzle. The test section is 3.048 m (10 ft.) long and 0.6096 m (2 ft.) wide. 
The top is fabricated from Lexan sheet (4.76 mm thick), continuously sealed with 
neoprene along the edges. The tunnel’s bottom wall consists of one 1.2192 m (4 ft.) 
long and three 0.6096 m (2 ft.) long removeable and replaceable sections. These 
sections are all 0.6096 m (2 ft.) wide and are sealed with “O” rings around the sides. 
Further discussions of the wind tunnel are contained in [Ref. 9] and [Ref 10: p. 38]. 

2. Qualification and Performance 

Extensive qualification test of the Shear Layer Research Facility were 
conducted by Ligrani, [Ref. 11]. Results show that the variation of total pressure at 
the exit plane of the nozzle is less than 0.4% at 26 m/s and 34 m/’‘s. Mean velocity 
varies less than 0.7% for the same mean freestream speeds. From five-hole pressure 
probe measurements, the velocity angle deviation is nowhere greater than about 0.6 
degrees at the nozzle exit plane. 

Profile measurements of the mean velocity and longitudinal turbulence 
intensity in the turbulent boundary laver developing at 20 m,s indicate normal, 


spanwise uniform behavior. For this qualification test, and all results which follow, the 


boundary layer was tripped near the exit of the nozzle with a 1.5 mm high strip of 
tape. Total pressure measurements along the test section surface at the nozzle exit 
were uniform within 0.5% indicating spanwise uniform skin friction. 

Freestream turbulence intensity was measure to be 0.00085 (8.5 one - 


hundredths of one percent or .085 precent) at 20 m:s increasing to 0,00095 at 30 ms. 


B. INJECTION SYSTEM 

Ordinarily, the injection system provides film coolant at temperatures above 
ambient. The freestream air is at ambient temperature; therefore, the heat transfer 
would then be in a direction opposite to that which occurs in gas turbines. The 
coolant 1s injected into the boundary laver through a single row of injection holes. The 
injection holes are scaled relative to boundary layer thickness to be similar to those 
used in current turbine blade design. 

For the present tests, all injected air was at ambient temperatures. 

Injection system air is provided by an 71TD Ingersoll-Rand air compressor. The 
air is discharged from the compressor into three large storage tanks. As the schematic, 
Figure 2.2, shows the air flows from the storage tank through an adjustable regulator, 
a cut-off valve, moisture separator, flow regulator, a Fisher and Portor rotometer (full 
scale 9.345E-3 mis, 19.8 SCFM, model LOA3565A). The rotometer which controls the 
volumetric flow rate, discharges the film coolant through a diffuser and into the 
injection heat exchanger and plenum chamber. 

The heat exchanger and plenum chamber shown in Figure 2.3 1s 0.305 x 0.508 x 
O67 mes 20 x 1S in.) and is constructed of 1.27 cm (1/2 in.) plexiglass. Injection 
air flows over three metal plates 0.381 x 0.508 m (15 x 20 in.). The two lower plates 
are covered by silicon rubber heaters, 0.381 x 0.483 m (15 x 19 1n.), rated at 120 volts. 
The heaters are controlled through a type 136 Powerstat variable autotransformer. 
The top surface of the chamber contains 13 plexiglass injection tubes each being 8 cm 
(3.15 in.) in length and with an inner diameter of 0.95 cm (3/8 in.). This corresponds 
to a length to diameter ratio of 8.42. The 13 injection holes discharge the coolant into 
the boundary layer at a 30 degree angle. There is a three-diameter spanwise spacing 
between the center of each hole. 

Further discussion of the qualification and performance of the injection system 
can be found in [Ref. 10: p.23]. 


C. FIVE-HOLE PRESSURE PROBE 

Multi-hole pressure probes are invaluable in the investigation and measurement 
of complex, three-dimensional flows. In particular, the five-hole probe is well suited 
for neasurement of three mean velocity components in low speed incompressible flows. 

The five-hole pressure probe used to measure pressure in this study is 
manufactured bv United Sensors and Control Corp. (drawing number 
DA-125-24-F-22-CD). The probe shown in Figure 2.4 is 0.6096 m (2 ft.) in overall 
length with a probe diameter of 0.318 cm (0.125 in.). It 1s constructed of corrosion- 
resistant, non-magnetic stainless steel. 

The five pressure holes are arranged in two different planes which intersect at the 
mutual hole, P;. The probe tip is prismatic in geometry, as shown in Figure 2.4 The 
centrally located Py hole is normal to the freestream. The pitch plane consists of ae 
re and ie pressure holes. While pressure holes ae ay. ea constitute the vaw plane. 
The distance seperating P and P3 is 0.178 cm (0.070 in.), Py and Ps are 0.155 cm 
(0.061 in.) apart. The central hole P| is 0.648 cm (0.255 in.) from the bottom of the 
probe tip. These distances were measured using a micrometer. 

For calibration, the probe was positioned in a manual traversing unit 
nianufactured by United Sensor and Control Corp., Figure 2.5. The unit was modified 
by the user to include a compass rose with a radius of 15.24 cm (6 in.) and a range of 
yaw angles from -40 to +40 degrees (0.25 degree accuracy). Additionally, the manual 
traversing unit positions the probe vertically in the mainstream 0 - 30.48 cm (0 - 12 in.) 
range. [The manual traversing unit is mounted on top of a spanwise, horizontal sled. 
The sled 1s 62.23 cm (24.5 in.) wide and is designed to set in place on top of the wind 
tunnel’s side walls. The spanwise mounting sled is designed such that the probe can be 
positioned 10.16 cm (4 in.) either side of centerline in increments of 0.635 cm (0.25 in.). 
In addition to spanwise positioning, the spanwise sled could be rotated through a range 
of pitch angles from -15 to +15 degrees with an accuracy of 0.5 degrees. 

After the completion of the probe calibration, an automated traversing 
mechanism, Figure 2.6, was used for probe positioning while measuring the pressures in 
the experimental test cases. The probe is fixed into the automated traversing 
mechanism in a position of zero vaw. The traversing mechanism has two degrees of 
movement which allows a thorough measurement of the flow field to be conducted. 
Both the spanwise and vertical traversing blocks are mounted on a 20-thread per inch 


drive screw and two ground steel, case-hardened steel guide;support shafts. Each drive 
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shaft is directly coupled to a SLO-SYN type MO92-FD310 stepping motor. The 
motors are controlled by a MITAS Two-Axis Motion Controller, Figure 2.7 The 
stepping motors and the controller are manufactured by Superior Electric Company. 
The controller directs the movement the probe in both the spanwise amd vertical 
directions. The MITAS controller comes equipped with 2K bytes of memory and an 
MICo8000, 16-bit microprocessor Which allows the user to program the start, stop, 


duration, speed, acceleration and deceleration of the stepping motors. 


D. DATA ACQUISITION SYSTEM 

The data acquisition system, shown in Figure 2.8 rapidly acquires the voltages 
associated with each pressure, converts each voltage to pressure. 

1. Transducers and Demodulators 

The probe is connected through reinforced plastic tubing to five Celesco model 
LCVR differential pressure transducers. These transducers have a designed pressure 
range of 0 -20 cm (0 - 7.85 in.) water and produce a 15 to 45 mV, volt output signal. 
The transducer output signal is converted to a proportional DC signal by Celesco CD 
10D carrier demodulators. Each demodulator has a maximum frequency response of 
-3dB at 500 Hz and a maximum out put noise of 10mV, peak to peak. Each 
transducer, carrier demodulator combination was calibrated against a Meridian 1.27 cm 
(0.5 in.) horizontal manometer with an accuracy of 0.002 cm (.005 in.) of water, to give 
typical calibration of approximately 1.0 volt per inch of water differential pressure. 

2. Computers and Hardware 

A Hewlett-Packard 85 microcomputer was used to acquire and process data 
for the calibration of the pressure probe. Configured with 64K bytes of memorv and a 
single magnetic tape cartridge drive, the HP-85 was used to collect, store, displav, and 
print the majority of the data required during the course of probe calibration. 

For the measurement of the flow field, a Hewlett-Packard Series 300, Model 
9836S computer was dedicated to the data acquisition process. The HP 9836S 1s 
equipped with a MC68000, 8 MHz 16 32-bit processor, Dual 5-1/4 inch floppy disk 
drives, and 1M bytes of memory. A HP 7470 two pen plotter was used for the graphic 
representation of data. 

Each transducer/carrier demodulator combination is connected directly to a 
HP 3498A extender which is controlled by a HP-3497A data acquisition’control unit. 
The HP-3497A which provides precision measurement and process monitoring, 1s 
equipped with analog multiplexing and a digital voltmeter with IV sensitivity. 


Le 


Six software programs were developed for use during the thesis. PROCAL 
was developed for use with the HP-85 and was used during the probe calibration phase. 
PRSACQ, VEL, VELC, PLOT, VEGTOR were developed temuse with the tio osc5: 
PRSACQ is used to measure the pressures in the various flow fields. VEL and VELC 
are used to compute the velocity components. PLOT and VECTOR are used for the 
plotting of results. A thorough discussion of the programs requires an understanding 
of the calibration procedures and the velocity measurement techniques as discussed in 
Chapter Maree. 
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Hit. CALIBRATION AND MEASUREMENT PROCEDURES 


Prior to using the five-hole pressure probe to measure flow velocities, it is 
necessary to calibrate the probe to determine the dependence of yaw, pitch, static, and 


total coefficients on yaw and pitch angles. 


A. COORDINATE SYSTEM 

A right hand coordinate system, Figure 3.1 was established for use throughout 
the course of study. The X-axis is parallel to the streamwise direction and is positive in 
the downstream direction. The Y-axis is in the vertical plane and is positive from the 
wind tunnel’s bottom wall. The Z-axis is in the vertical plane and is positive from the 
wind tunnel’s bottom wall. The Z-axis is in the spanwise direction. The origin of the 
coordinate system is located on the centerline line of the bottom wall. 

Yaw, B, is defined as rotation about the Y-axis and was arbitrarily defined as 
positive when the direction of the flow resulted in pressure P3 being greater than P,. 
This condition corresponds to positive component of velocity in Z direction. The pitch 
angle, @, is defined as rotation about the Z-axis and is defined as positive when P 4 is 
greater than Ps.This condition results in a positive component of velocity in the Y 


direction. 


B. EXPERIMENTAL PROCEDURES 

The five-hole pressure probe was calibrated using the method described by 
Treaster and Yocum. [Ref. 12]. 

To perform the calibration, the probe is placed in the manual traversing unit 
which is mounted on top of the spanwise horizontal sled as described in Chapter Two. 
The probe is normal to the freestream when P» is equal to P3 which gives B equal to 
Zero. 

The probe was manually fixed at a predetermined yaw angle and then rotated 
through the pitch plane. At each point, the data acquisition system records the five 
pressures. Four pressure coefficients are then calculated by the PROCAL program. 

Calibration of the probe was conducted over a range of yaw angles from -20 
degrees to +20 degrees in four-degree increments. The pitch angle was varied from -15 


degrees to +15 degrees in five-degree increments. This provided a cone of angles 
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which was sufficient for the flows to be studied in this thesis. Calibration was 
performed in the NPS Shear Laver Tunnel at a freestream velocity of approximately 21 
m/s (68.89 ft/sec). The probe was located 1.6 m (5.3ft) from the boundary layer trip. 
This equates to a Reynolds number of 1.97x10° based on downstream distance. Static 
pressure was obtained from a static pressure tap on the tunnel side wall and total 
pressure from a Kiel probe inserted into the flow through the top wall. Static and total 
pressures are measured once per set of calibration points. Atmospheric pressure 1s 


used as the reference sressune, 


C. CALIBRATION COEFFICIENTS 

To use the probe for measurement of complex flows, it is necessary to determine 
the flow angles, @ and f, and the local static and total pressures. This can be done bv 
determining four non-dimensional pressure coefficients over a range of angles in both 


the yaw and pitch planes. The four calibration coefficients are defined as: 


CPyaw = (P.—P3).(P, —Pp) (eqn 3.1) 

CPhitch = (P47 Ps): (Py =F, (eqn 3.2) 

Garotal = (Sipe arena) tae (eqn 3.3) 

CPetatic = (PS Ptaticd (Py at) (eqn 3.4) 
where 

Po= (Ps ct ipa ate acento a (eqn 3.5) 


To be of value in measuring a flow field, the calibration coefficients must be a 
function of flow angle only, independent of velocity and repeatable. Figure 3.2 shows 


that the calibration is both independent of velocity and repeatable in the yaw plane. 


As previously stated, probe calibration was conducted by fixing the yaw angle 
and varying the pitch angle. Theoretically, a calibration procedure of fixing the pitch 
angle and rotating through the vaw angles should provide identical results. However, 
in this study when the fixed pitch, vary vaw method was attempted, the results were not 
micmical es bhe trend of CPpitch vs. pitch angle showed significant scatter, and Cpr op 4) 


vs. pitch angle was not constant for each vaw angle. 


D. RESULTS 

Figure 3.3 shows the variation of Cp,.,,, with the yaw angles for various pitch 
angles. The response is nearly linear for all yaw angles. The results show that values 
of CPyaw for various pitch angles collapse on top of each other for vaw angles of -12 


degrees to +8 degrees. This means that Cp,,,,,, 1s independent of pitch angle in this 


aw 
range. From -23 degrees to -15 degrees and from: +8 degrees to +15 degrees, there 
are slight variations in the results indicating that Cp,..,, has a slight dependency on the 
pitch angle. The fact that yaw is only slightly dependent on the pitch angle allows data 
to be more easily processed in determination of flow velocity. 

The variation of CPhitch vs. pitch angle, Figures 3.4 and 3.5, show that this 
coefficient is dependent on both yaw and pitch angles. The trend of CPhitch Vs. piteldl 
angle is generally linear but there are variations from that linearity for each yaw angle, 
and unlike the vaw plane, these variations are not restricted to any particular region. 

Figures 3.4 and 3.5 show that the range of values for CPritch is small over the 
range of @ shown compared to the variation of CP yaw With Peele l 2: pe 27-20) 
attribtues this to the types of surfaces on which the holes in the pitch and yaw plane 
are connected. Large yaw angles result in one hole being nearly aligned with the flow. 
This hole senses a pressure nearly equal to the total pressure of the freestream. The 
other hole is then blocked from the freestream and, consequently, reads a pressure 
much less than the freestream static pressure. The holes in the pitch plane have a 
different response to variation in the pitch angle. When pitched, one hole reads a 
pressure which is near the total pressure of the freestream, but the second hole senses a 
pressure which is greater than the freestream static pressure. Thus, Cp,.4.., 1s a much 
larger number than CP pitch: The small range of CPritch increases the scatter and 
uncertainty of pitch angle measurements. 

The plot of Cpyatic VS: pitch angle, Figure 3.6, shows that Cpa. has weak 


dependency on yaw and pitch angles. 
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CP, ora] VS: pitch angle, Figure 3.7, indicates that for any given vaw angle, 
Sera is constant throughout the range of pitch angles. Here, CPi otal also shows a 


weak dependency on yaw and pitch angles. 


FE. INTERPOLATION AND APPLICATION 

After the probe has been calibrated and the operating characteristics of the probe 
are known, it is possible to determine the pitch angle, yaw angle, local static and total 
pressures for any flow field, 

The probe is positioned normal to the freestream, and at any location in the flow 
field, the five pressures can be measured. These five Pressures are now used to 
calculate the experimental or local coefficients of yaw, pitch, static pressure, and total 
pressure. 

A fifth order polynomial was fitted to the average values of Cp. 3 yee 


resulting polynomial computed using a FORTRAN program based on the least-squares ! 
method 1s: | 


| 
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eine Daag is the approximate yaw angle, and My is the local coefficient of yaw. | 
Knowing the approximate yaw angle and the local CP hitch, a computerized 


interpolation is performed to determine the pitch angle. Since the value of the pitch 


Papp — -158—7.36(M)) +0.135(M,)" +0.304(M,)° + 0.009(M,)4—0.031(M,)>—_ (eqn 3.5) 


angle is dependent on the local CPhitch and on the yaw angle, it is necessary to 
perform a double interpolation. Referring to Figure 3.8, the two vaw angles, By and 
By Which bracket the approximate yaw angle are first determined. Next, the loca] | 
CP pitch, My, and Mop, is located between known values of CPpitch from the ! 
calibration data for each yaw angle. In Figure 3.8, these values are designated Ci 

C12. Coq. and C55 which correspond to pitch angles from the calibration data of ayy, | 


G19, Go) and @55. The bracketing pitch angle @)r is determined by the following 
interpolation 


DST mary Sy) SOO, 7g) (eqn 3:6) | 
Which rearranged gives 


ai emmy wl iGo = (C..)) (eqn 3.7) 
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The other bracketing pitch angle @ ris found in a similar manner which gives 
Gap = yy (Ap) — Byy)M(Ca) — May) (Ca) — Cy) (eqn 3.8) 


The pitch angle for the flow @- is found through a second interpolation which results in 


the relationship 


Be = Hie — (Lip Ay—)((By — Ba.) (By — B3)) (eqn 3.9) 


Because CPyaw has a slight dependency on pitch, it is necessary to refine the 
approximate yaw angle once the local pitch angle is known. This is done with a 
computerized interpolation routine which is very similar to that used for the pitch 
angle. As shown in Figure 3.9, the pitch angles from the calibration data, @; and a5 
which bracket the local pitch angle, @p are first determined. The local CPvaw, Mip, 1S 
then located between the values of Cp,.,,,. from the calibration data for ad, This results 
in C3, and C5, which correspond to yaw angles B,,; and B,>. Then, by linear 


interpolation Pris found 
(Cy, — My) (Cy, - C,,)=(((B,, - By) (B, , — By») (eqn 3.10) 
or 
Bip= Byy — (By, — By a(C31 — MQ) (C3, — C21) (eqn 3.11) 
The same interpolation is done for @ which gives 
Boe= Boy — (Bay — Bog (C32 ~ My 4) (C32 7 C59) (eqn 3.12) 
Bar and Bor are the yaw angles which bracket the yaw angle of the flow. The 


flows vaw angle, Br can be found by a second interpolation which results in the 


relationship 


B= Bo-— (B-- B, (a, 7 C,). (A, = a, )) (eqn 3.13) 
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Since local total and static pressures are not measured at each probe location, it 
is necessarv to perform another double interpolation to compute their values. From 
the calibration data, the values of Cp,,,,) for each of the bracketing yaw angles and 
pitch angles are known. In Figure 3.10, these points are designated Cy). Cy), Boye 
and C55. An interpolation is performed to determine the Cp,,,q) corresponding to the 
local pitch angle. These points are designated, Cyr¢ and C5- The local Cp, o44), M3, is 


found using the relationship 


(Cie M 3)/(Cyp- ls (B, = BO. (B, _ B,) (eqn 3.14) 


which when rearranged as shown below gives the local Cp; o;4) for the flow 


M3 = Cyp—(Cyp— C5p((B, — By. (B, — BS) (eqn 3.15) 


The local Cp atric Mag is found in a similar manner. Referring to Figure 3.11, the 


relationship for deternuning the local Cp is then given by 


static 


Me Cap7 (Cap Cy )((B, 7 BY). (B, _ B,)) (eqn 3.16) 


FL. VELOCITY COMPONENT DETERMINATION 

Once the values of the local Cpr 44) and Cpoarie have been deternuned, the local 
total and static pressure can be calculated and, subsequently, the total velocity at the 
probe tip can be determined. 

The defining relationships for Cp,or4) and CPoraric can be rearranged to 


determine P | and P 


tota static’ 
Protal= Py —(CProtayPy ~ P) (eqn 3.17) 
P static P (CP static Py — P) (eqn 3.18) 


By using Bernoulli's equation, the magnitude of the local total velocity is: 


V=J2(Protal 7 P static) P (eqn 3.19) 


The three components of velocity can now be determined using the total velocity 
vector and the local pitch and yaw angles. Referring to Figure 3.1, these velocity 


components are given by, 


V. = Vcosacosf (eqn 3.20) 
V, = Vsing (eqn 3.21) 
V_ = VcosdsinB (eqn 3.22) 


G. SPATIAL RESOLUTION CORRELATION 
The calculation of V,. may be influenced by the local total velocity gradient. 


omecti@ans for this effect may be made using the following relationship 
Ve Vio + (OU Ox)(ly) (eqrmeees)) 


Here My > 1s the uncorrected value ofV,, and V 1 is the value of V,, corrected for 
spatial —en The value of ly used was slightly greater than the distance between 
P,and Ps (0.155 cm): a value of 0.200 cm gave constant V,, through the two- 


dimensional boundary layer. 


H. SOFTWARE 

SiX programs were developed for use during this study. They are PROCAL, 
PRSACQ, VEL VELC, PLOT, and VECTOR. Each program is written in BASIC. 
PROCAL was used with the HP-$5, all others were written for the HP-9836S. All of 
the programs are listed in Appendix C. 

PROCAL is a BASIC program used for the calibration of the pressure probe. 


The program begins by computing the correction factor for random noise associated 


with each transducer. The user is then prompted to manually calibrate each transducer 
against a horizontal monomieter. Static pressures are input utilizing a static pressure 
tap on the side wall and one of the transducers. Total pressure of the freestream is 
input using a Keil probe inserted into freestream and a transducer. The user is next 
prompted to input the ambient pressure in inches of mercury. After the user has 
positioned the probe at the desired angles of yaw and pitch, those angles are input into 
the program. 

The computer then acquires the five voltages from the data acquisition system, 
converts each voltage to a pressure in inches of water, and then calculates the vaw, 
pitch, total. and static coefficients of pressure. Finally, the yaw angle, pitch angle, and 
the four coefficients are stored on a separate file and printed out utilzing the HP-85’s 
internal printer. 

PRSACQ was used to acquire the pressures during the experiment. PRSACQ 
begins by prompting the user for the number spanwise and vertical data points and the 
resolution. A matrix of data point location is then computed. Next, the transducers 
are corrected for noise and calibrated against the manometer. Freestream static and 
total pressures are measured and ambient conditions are input. The program enters a 
loop which samples each pressure ten times per probe location. The local CPyaw and 


CPhitch are computed. Probe position, CPraw, and CPhitch, P, and P, 444] are stored 


tota 
in a matrix. At the end of the data collection run, these values are read into a data file 
on a floppy disk. 

VEL 1s used to process the raw data acquired by PRSACQ. The data is first read 
into computer memory. The program. computes an approximate CPyaw using a 
polynonual fit. Next, double interpolation subroutine is used to comput local CP pitch: 
A second interpolation subroutine is used to refine the value of Cp,,..,. The values of 
the CPhitch and CPvaw are used in a third interpolation subroutine to compute the 
local Cpcpatic and Cpryozay- The total pressure is found from the definition of Cp; o4q)- 
The velocity at the probe tip is computed, and the x, y, and z components of velocity 
are determined. Probe position (y and z coordinates), total pressure, total velocity, and 


My Ve and YS are stored in a matrix and then read into a data file. 
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VELC corrects the V,, component for spatial resolution. PLOT ts used to 
generate graphs of streamwise velocity, total velocity, and total pressure. VECTOR 1s 


used to plot the secondary flow vectors. 


IV. EXPERIMENTAL RESULTS 


The study was conducted in three parts. The first was the measurement of 
baseline data consisting of boundary laver profiles in a two-dimensional mean flow 
field. The second was the measurement of the boundary layer characteristics at a 
freestream velocity of 15 m/s with 1) film cooling only, 2) with embedded vortex only, 
and 3) with both film cooling and embedded vortex. The third part was the 
measurement of boundary layer with vortex at 20 m/s, and measurement of boundarv 


laver with vortex and film cooling at a freestream velocity of 11 m/s. 


A. BASELINE RESULTS 

The baseline boundary laver profiles were conducted at a freestream velocity of 
22 m’s. For these tests, the top wall of the wind tunnel was adjusted at 20 m:s 
freestream velocity so that a zero pressure gradient existed within 0.15 mm water along 
the length of the test section. Profiles were taken at three spanwise locations z= + 2.54 
cm, Z=0O cm, and z=-2.54 cm. Figure 4.1 shows measurements of the streaniwise 


velocity, V Figure 4.2 shows measurements of V,. Figures 4.3 and 4.4 show 


e 
mesurements of the normal velocity, V,. The results of the baseline measurements 
‘indicate behavior expected of a 2-D turbulent boundary layer, since the figures show 
mean profiles to be spanwise uniform for all three velocity components. Figures 4.2 
and 4.3 show that the V, and the corrected Vy components are small and nearly zero 


as would be expected. Figure 4.4 is the plot of V,, uncorrected for spatial resolution. 


B. I5M/S FREESTREAM VELOCITY RESULTS 

The investigation of the flow field was conducted by using the five-hole pressure 
probe to measure pressures at 800 points in a spanwise plane. Data was taken at 20 
different vertical locations, each having 40 spanwise locations. All [5 m’s 
measurements were taken at a location of 1.49 meters from the boundary layer trip or 
(ee eiieters fom the heat transfer plate leading edge. Ihe film cooling cases were 
conducted with injection air at 75% of full scale on the rotometer which corresponds 


to a blowing ratio (ratio of coolant to mass fluxes) of 0.50. 


1. Boundary layer with film cooling 

The results of boundary layer with film cooling only and no vortex are shown 
in Figures 4.5 to 4.8. Figure 4.5 shows contours of the streamwise velocity, Figure 4.6 
shows total velocity contours, Figure 4.7 is the plot for total pressure, and Figure 4.8 
shows the secondary flow vectors. Away from the wall, outside the boundary layer, the 
first three figures show spatially uniform behavior for lee V, and RG: Secondary flow 
vectors are very small everywhere in Figure 4.8. Near the wall deficits of V,, V, and 
P,, correspond to locations of the film cooling jets which are located about every 3.0 
cm from tunnel centerline. 

2. Boundary layer with vortex 

The vortex is generated by using a half-delta wing which is 3.0 cm high with 
7.5 cm chordand an angle of 18°. It is identical to vortex generator # 2 described by 
Joseph, [Ref. 10: p.76]. The vortex generator was located at a spanwise location of 
z= 4.79 cm (note that the direction of +z in [Ref. 10: p.75] is reversed). Figure 4.9 
shows the streamwise velocity results, Figure 4.10 is a plot of the total velocity 
contours, Figure 4.11 is a contour plot of total pressure, and Figure 4.12 shows the 
secondary flow vectors. The contour plots for V,,V, and P, show significant deficits 
caused by the generator wake which 1s rolled up with the vortex. The center of the 
wake 1s located at y=3.3 cm and z=-3.05 cm. Figure 4.12 shows that the vortex 
center is located near the same location, with overall characteristics similar to a 
Rankine vortex. Figure 4.13 shows the streamwise vorticity contours, where the 


vorticity 1s calculated using 
Mr = (OV,/Oy)- (OV ,/02) (eqn 4.1) 


The vorticity is largest near the vortex center as expected. The circulation of the 


vortex is estimated to be 0.2708 m/s using the equation 
r= Jo,da. (eqn 4.2) 
3. Boundary layer with vortex and film cooling 
Figure 4.14 shows the streamwise velocity contours for this case, Figure 4.15 1s 


the total velocity contour plots, Figure 4.16 shows the results for total pressure. 


Figure 4.17 shows the secondary flow vectors, and Figure 4.18 is a contour plot of 
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vorticity. Figure 4.15, 4-16, and 4-17 show that the deficits for von sand 2. irom the 
film cooling are no longer present near the vortex. This result shows that the effects of 
film. cooling are decimated by the vortex. The effect of the vortex is particularly 
pronounced near its downwash side. As for the previous case, Figure 4.18 shows that 
vorticity 1s again highest near the vortex center. Figure 4.19 from [Ref. 10: p.99] shows 
that the results of this case are consistent with previous work by Joseph which shows 
high heat transfer rates on the downwash side of the vortex and low heat transfer rates 


on the upwash side of the vortex. The circulation for this case is estimated to be 
) 
022708 mis. 


C. 20M/S AND 10 M/S FREESTREAM VELOCITY RESULTS 

Figure 4.20 is a plot of streamwise velocity for the case of an embedded vortex 
with no film cooling with a freestream velocity of 20 m/s. Figure 4.21 is a plot of the 
secondary flow vectors for the same case. Figure 4.22 and Figure 4.23 are for a 
boundary layer with embedded vortex and film cooling at 11 m/s freestream velocity. 
The blowing ratio for the 20 mi’s case is 0.38, and the blowing ratio at 11 ms was 0.68. 
The results for both cases show trends which are sinular to those discussed above. The 
results at a freestream velocity of 11 ms are believed to be less reliable because of 
disturbances at the inlet of the tunnel which propagated to the test section during the 


time period the data was acquired. 


25} 


V. SUMMARY AND CONCLUSIONS 


\leasurements are presented of boundary layers with embedded vortices and with 
film cooling for freestream velocities of 15, and 11 m/s. Measurements of a boundary 
layer with embedded vortex and and no film cooling, and of a boundary layer with film 
cooling but no vortex are presented for freestream velocity of 15 m,s. Plots of total 
velocity, V, streamwise velocity, V,, secondary flow vectors, total pressure, P,, and 
streamwise vorticity are presented for manv of these test conditions. 

The results show that the embedded vortices completely dominate the flow field 
in boundary layers with film cooling. This is indicated from the plots of V, V,, and P,, 
which show the effects of film. cooling to be completely decimated in the vicinity of the 
vortex. This result is consistent with the heat tranfer results of Joseph, [Ref. 10: p.54], 
which shows a localized hot spot at the wall near the same location. Future film 
cooling injection-hole arrangements in turbine blades must be designed to compensate 
for hot spots due to the vortices. 

In order to conduct this study, a five-hole pressure probe was calibrated for pitch 
and yaw. The probe was then used to measure five pressures associated with the flow. 
From these pressures, total velocity and the x, y, and z components of velocity were 
determined. 

A boundary layer profile was conducted to verify the calibration of the pressure 
probe, measurement procedures, and velocity computations. The results show expected 
boundary layer behavior with a small V, and V, component. 

It 1s recommended that flow visulization study of the interaction between the 
vortex and filmi cooling be conducted to enhance the understanding of this complex 


phenomena. 
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Figure 1.1 Endwall secondary flows. 
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Figure 1.2. Smoke and oil visulization for rotor blade. 
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Figure 1.3 Secondary flow deflection. 





Rotation of passage and corner vortices in turbine cascade. 
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Figure 2.1 Photegraphs of wind tunnel. 
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Figure 2.2 Schematic of injection air flow. 
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Photographs of Two-Axis Motion Controller. 
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Figure 3.2. Repeatability of calibration results at different 
freestream velocities for Cp,.4., VS. yaw angles. 
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Figure 3.6 Probe calibration, Cp..44:, Vs. pitch angles, 
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Figure 3.7 Probe calibration, Cp,o,4) VS- pitch angles, freestream velocity of 21 m/s. 
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Figure 3.9 Interpolation for yaw angles. 
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cs 
tJ 


23 


19 20 | 


VX (M/S) 


16 


POSITION VS. VELOCITY 

















@eeeees 
e@eetses 


Stee eoseeseoawpeeoeseseesec Ge dSeeeteoeseos 
° 


eeceevere® 


@eeveaoe- 


eoorerefecerces= 
e@Peeatsest®eeteang: 


@@eeee? 


eeeead 
Pees oes 


eeeeteeoeseoge eeee@eeease @ereaoeeeeOePC oe Staessen teseeeseeoe ®@e@eeeeeet ame eeeeeeed 2eeeee¢ose 


serOoeetoseseds 


See Fe eee Steet see ee Geeas 
@eeeeetee 


SSFTOESSSHS SSS Ste eeSeFS SSS SeSsesSsesSeGoeoses oss aMOoeonvgesse ee eee eeeoe eer2erede 


POOR SOOHE SCORSESE H SELENE Os 


eeeteoen 


SC HSCOCSOHeOSSEOCOH CO OSE SMEOCSEETORS @eeeeooe eed eeerneee ee eeeeeed 


eeseeoeeeees ates eneeoe 


er»-ecves 


e 
e 
¢ 
6 
e 
* 
e 


eG eeetoese eeeteGnaee SOS eaeS Ges eSeoesSeoesd OWE CHEESES @eeeeeeoee @ereeere0 


SOS SS SESS HHESHOESESHS OHO OSES OOSO OOS EOE 


@eees te 
eeseeres 







@eweroeoots OS POSSESSES SSSSSSHOEES ODOC TC EPH*CSGSOeHussseoeese eweeesee@? e@eeaee@oe eemeeeo 


e 
2 
e 
e 
* 
e 


orrecspccccscsfecccccefecccersfececene 


ececerefccceres 


e2eetse 
e@e¢eetes 





eeeSeeeseeoteoesee soos SSO CEE CHO SHSGOPSE SHE eFePMevetgaet®atea eCeeceetOOamesets ee ee 








Peer SseS se eeeeSSesHosersrestesatesteggeteas 


@OCOG ee Oe Me 084080 C220 
s 


Co recergscvccesfoccccvefcccvcccpecccccogec coccecfoce cece 


@r@eegee 
@eeanaee@ese 


SOCOC OOF e OBO CSCOeMOCOC MM ee GeeGas 


fee 





e@aeeteeseve 


ee@na@etOen 










eG ee COGS OOF SHE HE BES eeeoe eee 


decece 
t 
Ceorrecegees ee@+e 


pielaleisielela aieretarstars 
Covcccegors 







SCeCeOSOSOHCSEEOH OOESE SOC Coase ePe ses ceoeeeemmeesgec cess GHeecegreecer eas e228 O80 68 






Pesce eSeo meer eee ees HBC egseeee 
e 





- 


ebeees 

@erceceeoe 
Peoeereeges 
Boseeoee 


@eoeeceucoe eeerecece COCKS LOA SE Be See OCREE 












e 
e 
e 
e 
e 
e 
e 
CF SSSHSSEHSCHS SHE SESS EMSTHEFH*O SOS HPesctst2eeees 
e 
e 
e 
e 
e 
e 


ee eeeern 


foseccocforcoecs 


eseeaezaeees@ SOCCSSSTSSOSESCSSOHC CeSeSeseeGeoeesesed @eaemeeeeoeomereceoeoeee eeeeeee Ge eeeoeet eve #Peeeeeege eenoeaeeeeeo 


ee Pe 


eeoeeeee 
e@ee020908 


were eeeoeeo @eetaCoececeoamese teaeeget Pr eeeG OF Ce 


SOeCeOeaasrnetstartee 


oF 00006 008 eet eooeeevames o2e oe ¢ 


2e6¢ #00 2000 SOOHCTTCOSECOFTO SEE GOCE OS 
e 


Coe eb oedrcorcccscgorece 


ePaeeeosee F#eneeeoeoeoe @eeeeoee teed eeeeeoe ee eee 002 @eeeeeeoea ee e@eeeere eee @ @eeeeoea ese eeenw@gese 


sesecoefoccccoefrccsccefcrccccefcosccerfes 


CO oe ee 


COCHSESHTOSHEE HSH HEEOOHESHSOSOESOE 
ecccecefecceccs 


HOO FOSS HS HO ETEOH SOSH SOSH SED OOOH ORHE OOOO COCCHE CECE“ SS SOHOTEOC CEE FeOSesae eorteqete COC OCOCOTE EO SAOCEFOCBEE® 


SOON COOL O000B0C 


Cam eeeG eerste eO ee Pete eeeaeeaaeGeceaeteeet ee eed SCOCOCSCHOOe OB CO FCOESCOO OS @eteeeeee eeeaeuenee eseoneeveonde 


@eeere0 
Seerereegcorcccozrcccccefeccecoce 


G@eoegearnee 


SOOSSSHSSOSSFSSeQeSSsses Ce eSesesgeeFe eee eoeavse weeepetsteeoemeefoseeoeoee eteeeeeee @Ceec eet e Gee geese Gece e@eeseoeoo esd 


SEFC OCESCOSHSHSESH OH AGS C OSH SESSOSeCEEe 
corcccebocccsecgroccccegecccccagencccccbocsccsccbcneccce 


e 
eo 
e 
e 
e 
¢ 
e 
+ PaSe 0 ote 2 Fo 928052 SOO HHSOSSTOSSOCHOTCSS SET SCSSEE DS CHE SOS COB SHOOT ESS eececegese cessseeee Coevewetece OK IMI 


SPeSeSeeBeaeGeeeesseeastes 


@teeere 






SSCS ECHSSCT COSTE OOOO FESO SE SCOeC eC eeetoSTOwoenses O08 Pee Seer etaBeootsson ee @eeee eoeoecee eeeeene eee eGeoee one @eeeeeeee@ 


eercecepeccccces covcccefocsccsefcccccesfoccccccfocncccssccsoce 


ee cccrefocccccepocsccceferecrerfooretee 
SP eSe see ercocroharesecodoercesefocosore 


eo ecevezccescec§ccccses 
Seeeeeoboesocos 


CHSSHHSHSH SESE SHSHCHOSHESHESHSSEHS SHH SSHESHEHEHEHSOHHEOHOSE OES aD 
eeeee080 


© OCHOHHOHOO TD OOe CMACECE OE 


secccccfcecsoce 





ecsececeeood 





tT or 6 g Z 


Figure 4.2 Baseline boundary layer results for spanwise velocity,V,. 
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Figure 4.4 Baseline boundary layer results for uncorrected Vee 
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Figure 4.8 Secondary flow vectors for boundary layer without embedded vortex, 
75% film cooling, freedtream Velocity 15 m/s. 
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Figure 4.9 Streamwise velocity for boundary layer with embedded vortex, 
Without film cooling, freestream velocity 15 m/s. 
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Figure 4.10 Total velocity for boundary layer with embedded vortex, without 
film cooling, freestream Velocity 15 m/s. 
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Figure 4.12 Secondarv flow vectors for boundary laver with embedded vortex, 
without film cooling, freestream velocity 15 m/s. 
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Figure 4.13 Vorticity.contours for boundary laver with.embedded vortex, 
without “film cooling, freestream velocity 15 m/s. 
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Figure 4.14 Streamwise velocity for boundary layer with embedded vortex 
and film cooling, freestream velocity 15 m/s. 
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Figure 4.15 Total velocity for boundary laver with embedded vortex 


and film cooling, freestream velocity 15 m/s. 
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Figure 4.16 Total pressure for boundary layer with embedded vortex 
and film cooling, freestream velocity 15 m/s. 
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Figure 4.17 Secondarv flow vectors for boundary layer with embedded vortex 
and film cooling, freestream velocity 
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Figure 4.18 Vorticity contours for boundary layer with embedded vortex 
and film cooling, freestream velocity 15 m/s. 
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Figure 4.20_ Streamwise velocity for embedded vortex 
without film cooling , freestream Velocity 20 m/s. 
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Figure 4.23 Secondary flow vectors for embedded vortex 
with film cooling, freestream velocity 11 m/s. 
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APPENDIX C 
UNCERTAINTY ANALYSIS 


Uncertainty analysis was performed using the method originally attributed to 
Kline and McCormick,. [Ref. 13]. Let 6, be the uncertainty in the result and d, 55 . 
. .,0,, be the uncertainties associated with each independent variable. The uncertainty 


in the result can be expressed as 
6, = [L(aR/6x,) x (6,))]!/ (eqn C.1) 


To determine the uncertainty of the pitch angle, @, a straight line approximation 


was made for @ 
ga=mrt (CP pitch) (eqn C.2) 


The following independent variables were determined: 6,, = £197 0,6, = + 
2.320, and o4 = + 0.04637. The uncertainty of @, was determined to be + 2.360. 
The high uncertainy of the pitch angle is caused by the probe being highly sensitive in 
the pitch plane. 

The uncertainty of the yaw angle,B, is determined in a similar manner. Once 


again, a straight line approximation is miade. 
B =mt b(CP yaw) (eqn C.3) 
In this case, the uncertainties of the independent variables were found to be 6,, 


= +) 0054 Ope 24, and 8Cp = + 0.058. From these values the 
vaw 


uncertainty of B was calculated to be + [.29 0 
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